Pandemic influenza viruses cause significant mortality in humans. In the 20th century, 3 influenza viruses caused major pandemics: the 1918 H1N1 virus, the 1957 H2N2 virus, and the 1968 H3N2 virus. These pandemics were initiated by the introduction and successful adaptation of a novel hemagglutinin subtype to humans from an animal source, resulting in antigenic shift. Despite global concern regarding a new pandemic influenza, the emergence pathway of pandemic strains remains unknown. Here we estimated the evolutionary history and inferred date of introduction to humans of each of the genes for all 20th century pandemic influenza strains. Our results indicate that genetic components of the 1918 H1N1 pandemic virus circulated in mammalian hosts, i.e., swine and humans, as early as 1911 and was not likely to be a recently introduced avian virus. Phylogenetic relationships suggest that the A/Brevig Mission/1/1918 virus (BM/1918) was generated by reassortment between mammalian viruses and a previously circulating human strain, either in swine or, possibly, in humans. Furthermore, seasonal and classic swine H1N1 viruses were not derived directly from BM/1918, but their precursors co-circulated during the pandemic. Mean estimates of the time of most recent common ancestor also suggest that the H2N2 and H3N2 pandemic strains may have been generated through reassortment events in unknown mammalian hosts and involved multiple avian viruses preceding pandemic recognition. The possible generation of pandemic strains through a series of reassortment events in mammals over a period of years before pandemic recognition suggests that appropriate surveillance strategies for detection of precursor viruses may abort future pandemics.
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H1N1 ͉ influenza A ͉ swine ͉ virus evolution ͉ molecular clock P andemic influenza outbreaks pose a significant threat to public health worldwide as highlighted by the recent introduction of swine-derived H1N1 virus into humans (1) . In the 20th century, 3 influenza viruses caused major pandemics: the 1918 H1N1 virus, the 1957 H2N2 virus (H2N2/1957), and the 1968 H3N2 virus (H3N2/1968) (2, 3). These pandemics were initiated by the introduction and successful adaptation of a novel hemagglutinin subtype to humans from an animal source, resulting in antigenic shift (4, 5) . A number of hypotheses have been proposed for the development of pandemicity of the influenza virus, including direct introduction into humans from an avian origin and reassortment between avian and previously circulating human viruses, either directly in humans or through an intermediate mammalian host (6) (7) (8) (9) .
Based on studies of amino acid similarities of all 8 gene segments of A/Brevig Mission/1/1918 virus (BM/1918), it was concluded that this virus most likely was derived directly from an avian precursor that was introduced to humans shortly before the pandemic (10, 11) . This interpretation is controversial because of variant gene phylogenies that either conflict with this theory or remain ambiguous because of a lack of contemporaneous viruses (12) (13) (14) . Analysis of sequences generated from the H2N2/1957 and H3N2/1968 strains showed that these pandemics were caused by genetic reassortment between avian and preexisting human viruses (8) . The H2N2/1957 pandemic strain contained introduced hemagglutinin, neuraminidase, and PB1 genes, whereas the H3N2/1968 pandemic strain incorporated avian HA and PB1 genes (2) .
However, the evolutionary history of these 3 pandemic viruses remains unclear, and that lack of understanding hinders the recognition of and preparedness for future influenza pandemics. We therefore investigated evolutionary mechanisms of pandemic emergence by conducting comparative genetic analyses of all available viruses associated with the emergence of the 1918, 1957, and 1968 pandemics.
Bayesian relaxed molecular clock phylogenetic methods, as implemented in BEAST, use flexible evolutionary models to infer the timing of evolutionary events, so that the evolutionary rate can vary among branches on the tree and uncertainty caused by missing data and unknown evolutionary rates can be incorporated (15) . In the case of influenza, the times of most recent common ancestor (TMRCA) provide an estimate of when virus genes emerged in a given host that allows the time of interspecies transmission to be inferred.
Here we estimated the evolutionary history to investigate the possible date of introduction to humans of each of the genes for all 20th century pandemic influenza strains. Mean TMRCA estimates of each gene segment of H1N1 viruses shows that the components of the 1918 pandemic strain were circulating in mammalian hosts, i.e., swine and humans, at least 2 to 15 years before pandemic occurrence. Phylogenetic analyses suggest that the 1918 H1N1 pandemic virus most likely was generated by reassortment between mammalian viruses and a previous human strain and was not a pure avian virus. We also show that seasonal and classic swine H1N1 viruses were not derived directly from BM/1918; rather, their precursors co-circulated during the pandemic. Mean TMRCA estimates also suggest that the avian-derived genes of the H2N2 and H3N2 pandemic strains may have been introduced to humans on multiple occasions over a number of years.
Results and Discussion
Evolutionary Inferences on the Origin of BM/1918, Human and Swine H1N1 Viruses. To establish when H1N1 virus genes were introduced to mammals, we co-estimated phylogenies and TMRCA for all known mammalian, i.e., swine and human, H1N1 virus genes (supporting information (SI) Table S1 ). For each of the 8 genes, mammalian H1N1 viruses (BM/1918, seasonal H1N1, and classic swine H1N1) formed monophyletic clades (node 1 in Fig.  1 and Figs. S1-S8 and Table 1 ). For 6 genes (H1, N1, PB2, NP, M, and NS), avian viruses formed distant monophyletic groups to mammalian H1N1 genes ( Fig. 1 A and B and Figs. S1-S3 and S6-S8). In the PB1 and PA genes, a small clade of avian viruses formed a group more closely related to mammalian H1N1 viruses, providing direct phylogenetic evidence of a more recent avian source ( Table 1) . Ages of the H1 and NP genes at node 1 could not be calculated because of uncertainty in the phylogenies ( Fig. 1 A and Figs. S1 and S6). Importantly, TMRCAs at node 1 indicate that the PB2 and M gene precursors of all human H1N1 viruses were present in mammalian hosts (e.g., swine) at least 6 years before the 1918 pandemic (Table 1) .
Preliminary phylogenetic analysis showed that the BM/1918 virus H1, N1, PB1, PA, and NP genes clustered with human H1N1 influenza A viruses, whereas its PB2, M, and NS genes clustered with swine. These relationships have high statistical support (bootstrap support Ͼ80%) except for the placement of BM/1918 virus in the M gene phylogeny. Estimates for BM/1918 virus TMRCAs (node 2) ranged from 1903 (BCI 1867-1918) for the PB2 gene to 1916 (BCI 1910 (BCI -1918 for the HA gene (Table  1) . These mean TMRCA estimates suggest that the BM/1918 virus genes were present in swine or human hosts 2 to 15 years before the pandemic. The TMRCA of the M gene at node 2 could not be estimated, but the TMRCA at node 1 indicated that the BM/1918 M gene precursor probably was present in mammalian hosts before 1911 ( Fig. S7 and Table 1) .
Interestingly, the TMRCA distributions of the PB2, NP, and NS genes of the BM/1918 virus (Table 1) suggest those genes have circulated in humans since the 1889 H3 influenza pandemic (16, 17) . Earlier estimates of mutation rates of the NP gene suggested that human H1N1 and classic swine influenza viruses emerged from the avian source around 1912 or 1913 (18) . However, our results suggest that the same NP gene lineage has Table 1 .
been circulating in human influenza A viruses since the 19th century, consistent with the report by Gammelin et al. (19) . Extensive arguments, based primarily on similarity between consensus amino acid sequences, have been made that the BM/1918 virus was derived directly from an avian progenitor, contrary to phylogenetic evidence (10-13, 19, 20) . These residue similarities may help explain the avian-like phenotype of the BM/1918 virus, particularly its high virulence in mammals (21) .
Taken together, our results indicate that it is unlikely that the BM/1918 virus could have resulted from adaptation of an entire avian virus introduced directly into humans shortly before the pandemic. More likely, it was generated by reassortment between previously circulating swine and human strains and introduced avian viruses over a period of years.
It generally has been assumed that after the pandemic the BM/1918 virus established in humans to form the seasonal H1N1 influenza lineage (e.g., 2, 3, 9, 20). However, our phylogenetic analysis shows that only the PB1, PA, NP, and N1 genes of seasonal H1N1 were derived from BM/1918 ( Fig. 1 and Figs. S1-S8 (Fig. 1A) .
Phylogenetic relationships between BM/1918 and classic swine H1N1 virus PB2, M, and NS genes also indicate that classic swine H1N1 is a reassortant between BM/1918 and an unknown virus. As such, classic swine H1N1 is derived partially from BM/1918 and is not a precursor of the 1918 pandemic virus (Fig. 1 and Figs. S1-S8) (9) .
It therefore appears that at least 3 reassortant H1N1 variants co-circulated: BM/1918 and the precursors of seasonal and classic swine H1N1 viruses. The co-circulation of the BM/1918 and seasonal H1N1 viruses may explain reports of influenza outbreaks of varying severity during the 1918 pandemic (22, 23) . Here we provide the first evidence that seasonal H1N1 viruses were not derived directly from BM/1918 but co-circulated during the pandemic. This evidence may be relevant to the current emergence and potential pandemicity of swine-derived H1N1 viruses in humans (1) .
Phylogenetic analyses of the re-emergent H1N1/1977 virus confirmed that each of 8 genes was directly derived from those H1N1 viruses circulating in the 1950s (Fig. 1 and Figs. S1-S8 ). Dating the time of emergence of each gene segment showed similar TMRCAs with a mean of Ϸ 2 to 3 years before the detection of the viruses (Table 1 and Table S2 ). These results support the hypothesis that the re-emergence of H1N1/1977 most likely resulted from accidental laboratory re-introduction (2).
Emergence of H2N2 and H3N2 Pandemic Viruses. Phylogenies confirmed that the H2N2/1957 was a genetic reassortant between previously circulating human and avian viruses, with the novel H2, N2, and PB1 genes derived from Eurasian avian sources (Fig. 1 A, C, and D, Figs. S2-S6 and S8-S11) . The mean TMRCA estimates of the introduced genes of the H2N2 pandemic suggest that the introduction of these 3 genes into human populations occurred 2 to 6 years before the pandemic.
Ages of the novel H3 (TMRCA 1968 , BCI 1967 -1968 ) and PB1 (TMRCA 1967 , BCI 1966 -1968 (Table 1 ). This observation is consistent with the phylogenies of the shared genes, with the exception of the NS gene, in which late H2N2 and early H3N2 do not form separate monophyletic lineages (e.g., blue boxes in Fig. 1 B and D) . Differences in the TMRCA estimates raise the possibility that the introduced genes of the H2N2 and H3N2 pandemic strains may have been introduced sequentially from multiple sources over a number of years. Because of a lack of sequence data for swine influenza from these periods, the involvement of swine in the generation of these pandemic strains cannot be precluded.
Conclusions
The results of our study have provided fresh insights into pandemic emergence by raising the possibility that all 3 pandemic influenza strains of the 20th century may have been generated through a series of multiple reassortment events and emerged over a period of years before pandemic recognition. Furthermore, results indicate that each of these strains was produced by reassortment between the previously circulating human virus and at least 1 virus of animal origin. The novel gene segments for the H2N2/1957 and H3N2/1968 pandemics seem to have originated from avian hosts, but the zoonotic sources of the introduced viral gene segments for the 1918 pandemic remain ambiguous. However, evidence suggests that, over a number of years, avian gene virus segments have entered mammalian populations where the viruses may have undergone reassortment with the prevailing human virus. Given the frequent interspecies transmission of influenza viruses between swine and humans, it is most likely that such reassortment events occurred in swine before pandemic emergence.
Interestingly, our analyses suggest that in the 1918 and 1957 pandemics novel NA and internal genes may have been introduced into the prevailing human virus strains before the acquisition of the novel pandemic HA. Frequent detection of seasonal human influenza strains in swine indicates that pandemic precursor viruses probably have circulated in either swine or human populations. The hypothetical precursors to the H2N2 and H3N2 pandemics have not been detected, probably because they originated in Asia where little or no surveillance was conducted at that time (2) . If future pandemics arise in this manner, this interval may provide the best opportunity for health authorities to intervene to mitigate the effects of a pandemic or even to abort its emergence. However, our findings argue the need for highthroughput characterization of all 8 gene segments of human virus isolates, even those that have unremarkable HA antigens, particularly of human viruses isolated in hotspots for zoonotic infections with avian influenza viruses. At present, global influenza surveillance in humans focuses attention primarily on hemagglutinin. Although this focus will continue to be required for strain selection for seasonal influenza vaccines, our findings argue that this surveillance will not suffice for early warning of an incipient pandemic.
Methods
Preliminary Phylogenetic Analyses and Data Preparation. Provisional phylogenetic analyses were carried out for all available influenza gene sequences using the neighbor-joining method in PAUP* 4b10 (24) with a best-fit nucleotide substitution model (25) and an appropriate outgroup (Table S1 ). The purpose of these large-scale phylogenetic analyses was to identify relationships between pandemic strains and all other sequences. These lineages (in particular, avian, swine, and human) were identified in each tree as monophyletic clades with bootstrap support of 80% or higher.
Based on these preliminary analyses, 11 datasets were compiled for human influenza viruses: the hemagglutinin (HA: H1, H2, H3), neuraminidase (NA: N1, N2), and the 6 internal gene segments (PB2, PB1, PA, NP, M, and NS allele A), together with genes from representative influenza viruses isolated from other hosts (birds, swine, horses, and other mammals). Full details of the final datasets that were used for all subsequent analyses are given in Table S1 .
Phylogenetic Inference, Estimation of Nucleotide Substitution Rates and Times of Divergence. To estimate divergence times and rates of nucleotide substitutions in influenza A viruses, we applied a relaxed-clock Bayesian Markov chain Monte Carlo method as implemented in BEAST v1. 4.8 (26) . This method allows variable nucleotide substitution rates among lineages and also incorporates phylogenetic uncertainty by sampling phylogenies and parameter estimates in proportion to their posterior probability (26) . The marginal likelihoods of 3 different clock models, strict clock, uncorrelated exponential clock (uced), and uncorrelated log-normal clock (ucld), were compared using a Bayes factor test for best fit (15, 27, 28) . This test revealed that for all genes the uced model, which allows evolutionary substitution rates to vary within an exponential distribution along branches, was the best fit for the sequence data (Table S2 ). The outgroup sequences were not included in the BEAST analyses; rather, the relationships based on the tree topologies from the preliminary analyses described earlier were enforced as prior assumptions for the Bayesian analyses. Trees generated from the BEAST analyses were rooted by fixing basal node relationships of the major lineages (avian, swine, and human) in all phylogenies (Table S1 ).
In analyzing protein-coding sequences, we used the SRD06 codon position model to partition the data (29) . The first partition unifies the first plus second codon positions, and the second partition describes the third codon position. Because each dataset included multiple non-mixing populations, a constant population coalescent tree prior over the unknown tree space and relatively uninformative priors over the remaining model parameter space were assumed for each dataset (15) . We carried out 3 independent analyses for 20 -60 million generations sampled to produce at least 10,000 trees for each data set to ensure adequate sample size of all analysis parameters including the posterior, prior, nucleotide substitution rates, and likelihoods (effective sample size Ͼ 200). The mean substitution rates, mean TMRCAs, and maximum clade credibility phylogenetic trees then were calculated after the removal of an appropriate burn-in (10%-15% of the samples in most cases, with 1 exception, in which Ϸ20% was removed for analyses of the PB1 gene) following visual inspection in TRACER version 1.4 (30) .
TMRCA estimates of introduced genes of pandemic viruses were used to infer the time of incorporation of these genes to form the pandemic virus particle. For example, the H2N2/1957 and the H3N2/1968 pandemic strains were generated by known reassortment events between previously circulating human strains and introduced avian genes. The TMRCA estimates with BCIs of these introduced genes provide an estimated timeline for the generation of the pandemic strain.
Furthermore, because we are dealing with interspecies transmission events from a natural (avian) gene pool to other species, with very limited subtypes of influenza virus present, we believe it is reasonable to interpret TMRCAs as providing an estimate of time-bounds of interspecies transmission events. It has been well described that avian viruses rarely transmit to mammalian hosts, and in talking about initial transmission events, we have been very careful to indicate the uncertainty as to which mammalian host is involved. Likewise, transmission of influenza virus from swine to humans also is a rare event. The high level of host restriction between avian and mammalian hosts and hostadapted influenza viruses also supports our interpretation.
